Positional cloning of lymphopenia (lyp) in the BB rat revealed a frameshift mutation in Gimap5, a member of at least seven related GTPase Immune Associated Protein genes located on rat chromosome 4q24. Our aim was to clone and sequence the cDNA of the BB diabetes prone (DP) and diabetes resistant (DR) alleles of all seven Gimap genes in the congenic DR.lyp rat line with 2 Mb of BB DP DNA introgressed onto the DR genetic background. All (100%) DR. ly p/ly p rats are lymphopenic and develop type 1 diabetes (T1D) by 84 days of age while DR. +/+ rats remain T1D and lyp resistant. Among the seven Gimap genes, the Gimap5 frameshift mutation, a mutant allele that produces no protein, had the greatest impact on lymphopenia in the DR. ly p/ly p rat. Gimap4 and Gimap1 each had one amino acid substitution of unlikely significance for lymphopenia. Quantitative RT-PCR analysis showed a reduction in expression of all seven Gimap genes in DR. ly p/ly p spleen and mesenteric lymph nodes when compared to DR. +/+ . Only four; Gimap1, Gimap4, Gimap5, and Gimap9 were reduced in thymus. Our data substantiates the Gimap5 frameshift mutation as the primary defect with only limited contributions to lymphopenia from the remaining Gimap genes.
Introduction
Lymphopenia (lyp) is a prerequisite for spontaneous type 1 diabetes (T1D) in the BioBreeding (BB) diabetes prone (DP) rat [1] . Positional cloning of the lyp gene revealed a frame shift mutation in Gimap5 (previously known as Ian5 or Ian4L1). Gimap5 is a member of at least seven related GTPase Immune Associated Protein (Gimap) genes located within 150 Kilobases (Kb) on rat chromosome (RNO) 4 [2, 3] . DR.
lyp/lyp rats, where 2 Mb of DP DNA was introgressed onto the BB diabetes resistant (DR) genetic background, are lymphopenic and 100% develop spontaneous T1D by 84 days of age [4] .
The positional cloning and subsequent identification of the Gimap5 gene on RNO4 were in part established through generation of the DR.lyp congenic rat line along with recombination events following our method of marker assisted breeding of DP with F344 rats [2, 4, 5] . Analysis of the lyp phenotype in the F344 DNA recombinant rats helped us define the critical lyp interval as a region of approximately 33 Kb between D4Rhw6 (76.83 Mb) and IIsnp3 (77. 16 Mb) containing Gimap1, Gimap5, and Gimap3 (formerly known as Ian2, Ian5, and Ian4, resp.) [2, 4] . Gimap5 was identified as the lyp gene in the BBDP rat through a frameshift mutation and premature truncation of the Gimap5 protein [2, 6] 2 Experimental Diabetes Research and can be rescued in a P1-derived artificial chromosome (PAC) transgenic rat [7] . However, potential contributions to lymphopenia and/or T1D from the other Gimap genes are still unknown. Similarly, how the mechanisms by which reduced Gimap5 transcript levels and the absence of the Gimap5 protein [2, 7, 8] contribute to lymphopenia and T1D are still being elucidated [9] [10] [11] [12] [13] .
The predicted structures of the Gimap proteins show common sequences and motifs, such as GTP-binding domains in the N-terminal half, but with differing Cterminal ends [2, 3] . Some C-terminal regions are consistent with transmembrane domains as in the case of Gimap1 and Gimap5, while others, as in Gimap9 and Gimap4, predict coiled coil domains [3, 14] . Both GIMAP4 and GIMAP7 from human Jurkat cells [3] localize to the endoplasmic reticulum and Golgi apparatus while mouse Gimap3 from murine IL-3-dependent 32D myeloid precursor cells was expressed at the outer mitochondrial membrane [15] . Conflicting reports show that GIMAP5, from human primary T cells [10] and from GIMAP5 transfected 293T cells [16] , localizes to the centrosome, Golgi apparatus, or endoplasmic reticulum (ER), whereas Gimap5, cloned from Rat2 fibroblasts, localizes to a distinct subcellular fraction that is neither mitochondrial nor ER [11] . Gimap proteins may therefore have similar function, but different subcellular locations. At this time, there is a paucity of information as to the expression of the Gimap genes in specific cell types.
The fact that the Gimap genes are located together in a tight cluster on RNO4 (and in conserved synteny with many other species), combined with their sequence similarities, suggests the possibility that the proteins carry out similar function. While there is sufficient evidence to support the frameshift mutation in Gimap5 as the cause of lymphopenia, we could not exclude that either Gimap1 or Gimap3 play a role, as they are located within the lymphopenia critical interval between D4Rhw6 and IIsnp3 as well as within the PAC used in the transgenic rescue of lymphopenia [7] . In addition, it is possible that the remaining Gimap family members outside the lymphopenia critical interval play a role in T1D development. In order to substantiate the frameshift mutation in Gimap5 and the subsequent protein null allele as the cause of lymphopenia as well as explore a possible contribution by other Gimap family members, we sequenced DR.
+/+ and DR. lyp/lyp cDNA from rat thymus. In addition, we examined Gimap gene expression across multiple tissues and quantified mRNA expression of all annotated and putative Gimap genes in DR.
+/+ and DR. lyp/lyp rat thymus, spleen, and mesenteric lymph node (MLN).
Materials and Methods

DR.lyp Congenic
Rats. The DR.lyp (BBDR.BBDP-(D4Rhw17-SS99306861) (D4Rhw11-D4Rhw10)/Rhw) congenic rat line was derived from animals with two independent recombination events developed from our previously described introgression of the lymphopenia locus by cyclic cross-intercross breeding of BBDP with BBDR rats [17] . The first recombination event was flanked by simple sequence length polymorphism (SSLP) marker D4Rhw11 (76.81 Mb) and the second flanked by SSLP marker D4Rhw10 (77.81 Mb) [4] . Thus, the DP DNA in the DR.lyp rat line encompasses the lyp critical interval from D4Rhw6 (76.83 Mb) to IIsnp3 (77.16 Mb) [2] . In addition, the DR.lyp congenic rat line used in the present study also contains BBDP DNA at D4Rat102 (66. 22 
Probes and primers were designed to bind near the 3 end of the transcripts. f is forward primer, r is reverse primer, p is probe, 6FAM is 6-carboxyfluorescein, HEX is hexachlorofluorescein, and BHQ1 is black hole quencher 1.
a final step of 72 • C for 7 minutes. Reactions with Roche polymerase were 20 μL, consisting of 100 ng cDNA, 0.1 μL Roche Taq polymerase, 2.0 μL of the supplied buffer, 0.5 μL of a mix of 10 mM each dNTP, and 2 μL each 5 μM primer. Reactions were carried out with the following conditions: 94
• C for 3 minutes, 35 cycles of 94 • C for 45 seconds, 60
• C for 45 seconds, 72
• C for 2 minutes, and a final step of 72
• C for 7 minutes. PCR products were cloned into pCRII with the TOPO-TA cloning kit (Invitrogen), sequenced using ABI BigDye v3.1 (Applied Biosystems, Foster City, Calif, USA), and analyzed on an ABI 3730XL sequencer (Applied Biosystems) at the University of Washington Biochemistry Sequencing Core in Seattle, WA. 5 and 3 RACE (5 and 3 , Rapid Amplification of cDNA Ends) was carried out with a Marathon cDNA Amplification kit (K1802-1, Clontech, Palo Alto, Calif, USA) using the protocol provided. Plasmids were transformed into XL1Blue (Stratagene) by electroporation of Top10 cells (Invitrogen) according to the protocol supplied with the cells. Plasmids were purified by using GenElute Plasmid Maxiprep Kit (Sigma, St. Louis, Mo, USA) or Plasmid Maxi Kit (Qiagen). GenBank accession numbers of the cloned genes and of RACE products are DQ125335-DQ125353.
Quantitative RT-PCR.
RNA was collected from whole tissue, isolated using a Qiaqen RNeasy minikit (Valencia, Calif, USA), and aliquoted to minimize degradation from freezing/thawing. Quantitative real time polymerase chain reaction (qRT-PCR) was performed on anMx4000 Multiplex QPCR System (Stratagene) in duplex reactions with rat cyclophilin (NM 017101) as an internal control. Samples were run in triplicate using 100 ng of total RNA or 5 ng of polyA+ RNA. Twenty-five μL reactions were run using a Brilliant Single-Step qRT-PCR Kit (2.5 μL 10x core RT-PCR buffer, 5.5 mM MgCl 2 , 300 nM each primer, 200 nM each probe, 0.3 mM dNTP, 75 nM passive reference dye, 1.6 units Stratascript RT, 2 units SureStart Taq DNA-polymerase). The
Human ch. 7q36. PCR cycling conditions were as follows: 45
• C for 30 minutes, 95
• C for 10 minutes, and 40 cycles of 95 • C for 30 seconds, 60
• C for 1 minute. Probes were positioned in the 3 regions of the transcripts where there is more variation between the different Gimap genes and subjected to BLAST alignment to ensure specificity. The primers and probes used for each gene are listed in Table 1 . Primers were obtained from Integrated DNA Technologies (Coralville, Iowa, USA) or Qiagen Operon (Valencia, Calif, USA). Fluorescently labeled probes were obtained from Integrated DNA Technologies. Representative qRT-PCR products for each gene, from each tissue, were run on an agarose gel to check for primer pair binding specificity. Each assay was also optimized and validated with serial dilutions of RNA to produce a standard curve that was then translated into a reaction efficiency, or specificity, of each Gimap gene assay. Results from each assay were validated and normalized against cyclophilin. The standard curves, multiplexed with cyclophilin, showed the following reaction efficiencies: Gimap8: 90%±2 SD, Gimap7: 87% ± 4 SD, Gimap4: 92% ± 2 SD, Gimap6: 94% ± 3 SD, Gimap9: 98%±7 SD, Gimap1: 100%±11 SD, Gimap5: 88%± 6 SD, Lr8: 93% ± 4 SD, and cyclophilin: 90% ± 6 SD. Gimap8, Gimap9, Gimap4, Gimap6, and Gimap7 (in the order as they appear on the chromosome) are located outside the lymphopenia critical interval (Figure 1 ). Sequence analysis of thymus cDNA encoding Gimap4 showed three single nucleotide polymorphisms (SNPs) at positions 216, 510, and 618, relative to the ATG start site, and two nucleotides deleted at position 922-923 in DR. lyp/lyp rats as compared to DR.
+/+ rats ( Table 2 ). The first three base pair substitutions resulted in synonymous amino acid changes in the hypothetical protein sequence, while the deletion resulted in a frameshift mutation in the last three predicted amino acid residues and eliminated the normal stop codon at position 311. 3 RACE from DR. lyp/lyp thymus cDNA showed that the reading frame continued for other 21 amino acids before generating a new stop codon (Table 2 ). This same frameshift mutation was also identified in F344/Rhw (nonlymphopenic) rats, which were used in the positional cloning of lymphopenia (Table 2) . One nucleotide substitution was identified in Gimap7 at position 603, relative to the ATG start site, between DR.
+/+ and DR.
lyp/lyp that resulted in a synonymous amino acid change in the hypothetical protein sequence (Table 2) . No SNPs were found in the coding sequences of Gimap6, Gimap8, and Gimap9.
cDNA Cloning and Sequencing of Gimap1 and Gimap3 in DR.
+/+ and DR. lyp/lyp Rats. Gimap1 and Gimap3 are located inside the lymphopenia critical interval (Figure 1 ). Sequence analysis of thymic cDNA showed a single SNP in the coding sequence of Gimap1 at nucleotide position 752, relative to the ATG start site, that produced an amino 
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Gimap8A (1-250 +/+ rat. T-coffee predicted protein alignment from cloned cDNA is shown. Gimap8 is divided into three separate sequences (with the amino acid numbers indicated by each sequence). Shading indicates the GTP binding domain consensus regions (GTP) and the conserved domain (Conserved Box). The HMMTOP predicted transmembrane domain sequences for Gimap1 and Gimap5 and the coiled coil domains for Gimap4 and Gimap9 are underlined.
acid change in DR.
lyp/lyp rats as compared to the DR. Table 2 ). The SNP produced a methionine (M) to threonine (T) substitution at amino acid 251, which is located near the C-terminus and is not in any of the predicted GTP binding domains. Sorting intolerant from tolerant (SIFT) analysis (http://blocks.fhcrc.org/sift/SIFT.html) predicted the T substitution to be tolerated at this position and did not predict to affect protein function. Gimap3 is not annotated in the rat genome sequence. Genomic sequencing of the putative ortholog of mouse Gimap3 from base pair positions 76,846,091 to 76,852,162 on RNO 4 (the orthologous DNA interval to mouse Gimap3) in DR.
+/+ and DR. lyp/lyp rats revealed repetitive single or dinucleotide repeats throughout the region that likely resulted in early termination of the sequencing reactions. As such, no specific PCR products could be generated. Attempts were also made to amplify Gimap3 from DR. +/+ Gimap5 mesenteric lymph node (MLN), the highest expressing gene overall. Genes appear in the order at which they appear on rat chromosome 4. Tissues appear in the following order per gene: MLN (dots), thymus (white), spleen (hash marks), bone marrow (black), and kidney (stripes). Significance is represented as follows: * * * is P < .0001 and * * is P < .001.
blots of DR.
+/+ and DR. lyp/lyp or from qRT-PCR of DR.
+/+ rat thymus or spleen (data not shown). Therefore, Gimap3 is likely a pseudogene in rat.
Predicted Protein Alignment.
Alignment of the Gimap family predicted protein sequences in the DR. +/+ rat ( Figure 2 ) showed predicted GTP binding domains and conserved box characteristics for all of the Gimap proteins with the most divergent regions located near the Cterminal ends. Gimap1 and Gimap5 are predicted to contain transmembrane domains while Gimap4 and Gimap9 are predicted to contain coiled coil domains. Gimap8, Gimap7, and Gimap6 are predicted to have neither transmembrane nor coiled coil domains. Gimap8 was larger than the other Gimap proteins, containing 688 amino acids and three repeated GTP binding domains (Figure 2 ).
Gimap Expression Pattern across Multiple Tissues.
The relative expression levels of the Gimap genes in mesenteric lymph node, thymus, spleen, bone marrow, and kidney were determined in the DR.
+/+ rat ( Figure 3 ). All of the Gimap genes expressed more robustly in the mesenteric lymph nodes, thymus, and spleen as compared to bone marrow and kidney (P < .0001). In the mesenteric lymph node, Gimap4, Gimap5, and Gimap8 were expressed significantly higher than Gimap9 (P < .0001) while in kidney, Gimap4 and Gimap8 were expressed significantly higher than Gimap1 and Gimap9 (P < .001) (Figure 3) . No significant expression differences were detected between any of the Gimap genes (Gimap8, 9, 4, 6, 7, 1, and 5) in thymus, spleen, and bone marrow. Overall, Lr8, a gene unassociated with the Gimap family but also within the 2 Mb of DP DNA in the congenic DR.
lyp/lyp rat line, expressed predominantly in the spleen, an expression pattern unique relative to the Gimap family.
Gimap Expression in DR.
lyp/lyp and DR. +/+ Thymus, Spleen, and Mesenteric Lymph Node. In thymus, expression of Gimap4, Gimap9, Gimap1, and Gimap5 was significantly decreased in DR.
lyp/lyp rats as compared to DR. +/+ (Figure 4 ). In contrast, Gimap7 expression in thymus was higher in DR.
lyp/lyp as compared to DR. +/+ while Gimap8, Gimap6, and Lr8 showed no differential expression. Expression of all of the Gimap genes (8, 9, 4, 6, 7, 1, and 5) was reduced in DR.
lyp/lyp rat spleen and mesenteric lymph node as compared to DR. +/+ (Figure 4) . We observed the same expression pattern whether the data were normalized to cyclophilin or to total RNA (data not shown). Data from bone marrow and kidney is not shown due to the very low expression in these tissues. The low expression observed in these tissues is not due to RNA degradation, but rather to the low mRNA levels relative to cyclophilin levels.
Discussion
While the frameshift mutation in Gimap5 is likely necessary and sufficient for lymphopenia, the possibility remains that additional mutation(s) in the Gimap family may contribute to the development of lymphopenia, spontaneous T1D, or both in the DR.
lyp/lyp rat. Aside from Gimap5, only Gimap1 and Gimap3 could potentially play a role in the development of lymphopenia, as they are the only remaining genes located within the 33 Mb interval critical for lymphopenia between D4Rhw6 and IIsnp3. The methionine to threonine base pair substitution at amino acid position 251 in Gimap1 is not located in any of the predicted GTP binding domains and SIFT analysis predicted that the mutation is not likely to alter normal Gimap1 protein function. Furthermore, the DR amino acid at position 251 is not conserved across species; human GIMAP1 has a valine at this same position [3] . Lastly, no Gimap3 transcript could be found and no open reading frame could be identified. We suspect that this region of the rat genome does not code for a protein, which is similar to the human GIMAP3 pseudogene [3] and unlike mouse Gimap3 [15] . Therefore, the sequence analysis of Gimap1 and Gimap3 supports the hypothesis that Gimap5 is the cause of lymphopenia in the DR.
lyp/lyp rat. In addition, the sequence data from all of the remaining Gimap family members suggest that these genes are not likely to play a role in the onset of T1D diabetes. We cannot however exclude the possibility that there are mutations outside of the coding regions, such as in transcription factor binding sites or other regulatory sites, that play a role in the regulation of Gimap gene expression and/or the onset of T1D in the DR.
lyp/lyp rat. While we can exclude the involvement of the members of the Gimap family proximal to D4Rhw6 (Gimap8, Gimap9, Gimap4, Gimap6, and Gimap7) in the development of lymphopenia, we cannot exclude that they may play a role in the development of T1D. Coding sequence analysis of these family members revealed that only Gimap4 had genetic differences, specifically a two-base pair deletion, that would result in a nonsynonymous amino acid change between the nondiabetic DR.
+/+ and the diabetes susceptible DR.
lyp/lyp (Table 2) . Although the effect of this variation is unknown, we did discover this same deletion in the nonlymphopenic, diabetes resistant F344 rat. F344 DNA introgressed through this interval on the DR. lyp/lyp background protects from +/+ and grey hatched columns represent DR. lyp/lyp . Data is expressed as a percentage of DR. +/+ . Significant differences are follows; * for P < .05, * * for P < .01, * * * for P < .001. Genes appear in the order at which they appear on rat chromosome 4. The average Gimap expression in DR.
+/+ rat bone marrow and kidney s is shown in Figure 3 .
onset of T1D [4] suggesting that the deletion mutation in Gimap4 is not deleterious. In addition, the predicted protein sequences of both human (AK001972) and mouse (NP 778155.2) Gimap4 show that the 23 C-terminal amino acids are similar to those of DR. lyp/lyp (data not shown). It is therefore unlikely that the Gimap4 two-base pair deletion mutation in the DR.
lyp/lyp rat is functionally relevant to development of T1D or lymphopenia, rather it is likely an additional natural isoform [20] .
All of the Gimap genes were predominantly expressed in organs of the immune system: mesenteric lymph node, thymus, and spleen, consistent with previous findings of a role of the Gimap gene family in lymphocyte development [21] . Interestingly, there was an overall reduction in expression of all seven Gimap genes in DR.
lyp/lyp rat spleen and mesenteric lymph node and four (Gimap4, Gimap9, Gimap1, and Gimap5) of the seven genes in DR.
lyp/lyp rat thymus. In contrast, Lr8, a gene unrelated to the Gimap family located
